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1. SUMMARY 


This work was a joint effort including participants s P a ® e P e . s ®®!$J 

Association (USRA), NASA Marshall Space Flight Center (MSFC), Marquette Uri'versity 
MalerialsScience and Metallurgy Program and Santa B^^ese^Certer. Other 
mntrihutnr^ included Center for Photonic Materials and Devices, Department of 
Physics, Fisk University and Department of Materials Science and Engineering, State 
University of New York at Stony Brook. 

The materials to be investigated are ZnSe and related ternary semiconducting 
(* n 7 n q Sp 7nTe Se, v and Zni *Cd x Se). These materials are useful for 
OD?o e ectronic S ap^i'cations such as high efficient light emitting diodes and low power 
$£shdd and hfgh temperature lasers in the blue-green region of the visible spearum 
The recent demonstration of its optical bistable properties also makes ZnSe a poss b e 
candidate material for digital optical computers. 

The investigation consists of an extensive ground-based study followed by flight 
experimentation and involves both experimental and theoretical work The objectives of 
the arounc-’caaed work are to establish the characteristics of the crystals grown on 
Earth as a basis for subsequent comparative evaluations of the crystals grown in a low 
gra^ty environment and to obtain the experimental data and perform the analyses 
required to define the optimum parameters for the flight experiments. 

Durina the six months of the Preliminary Definition Phase, the research efforts were 
concentrated on the binary compound ZnSe - the purification of starting materials of Se 
K ifininS the synthesis of ZnSe starting materials, the heat treatments of the 
startina materials the vapor transport rate measurements, the vapor partial pressure 
measifrenfents of ZnSe? the crystal growth of ZnSe by physical vapor transport, and 
various characterization on the grown ZnSe crystals. 


2. OBJECTIVES AND RATIONALE 
2.1 Overall Objectives 

The objectives of the proposed investigation are the following: 

a \ to determine the relative contributions of gravitationally driven fluid flows to the 
incorooration of impurities and defects and the deviation from stoichiometry (native 
defects) observed Sn the crystals grown by physical vapor transport due to irregular 
fluid-flows and growth interface fluctuations. 

b) to evaluate the effect of gravity on the vapor transport process by examining the 
compositional distribution of the ternary compounds grown in the process. 

c) to assess the relative amount of strain developed during processing at elevated 
temperatures caused by the gravitational weight of the crystals. 

d) to obtain a limited amount of high quality space-grown materials needed for 
various property characterization and device fabrication and thus assess the effect of 
microgravity on the device performance. 


2.2 Objectives and Scope of Ground-Based Studies 

The investigation consists of extensive ground-based experimental and theoretical 
research efforts and concurrent flight experimentation. The objectives of the ground- 
based studies are to (i) obtain the experimental data and conduct the analyses required 
to define the optimum growth parameters for the flight experiments, (n) perfect various 
character zation techniques to establish the standard procedure for material 
characterization and toalso quantitatively establish the characteristics of the crystals 
Sown on Earth as a basis for subsequent comparative evaluations of the crystals grown 
?n Ttow-gravity “Sent, and (lii) develop theoretical and analytical methods 
required for such evaluations. 

The following are the specific tasks: 

a \ Establish quantitative correlation between growth parameters (thermal fj®'ds, 
translation rates vapor species, partial pressures, ampoule geometry, compositions and 
heat treatments of starting materials, and oriented seeded or unseeded conditions), 
arowth interfaces shapes, compositional redistribution, densities and distributions of 
dislocations impurities, small grain boundaries, second phase inclusions, twins, and 
other structural properties of the crystals grown by physical vapor transport. 

b) Evaluate the effectiveness of gravitationally driven convection in the growth 
Drocess by performing experiments under various vapor transport or ! e ]Jf re atlve 
to gravitational direction (i.e., horizontal, vertically stabilized and destabilized 

configurations). 

neveloD a theoretical model to delineate the effects of mass transport and heat 
transfer on the distributions of alloy composition, the structural defect (dislocation), the 
imDurities and the solid-vapor interface shapes during the P roc ®®®. P hysl £ a L v t u^ r 
transported compare the results with those obtained in (a) and (b) above and thus 
establish a fundamental understanding of the crystal growth process. 

d) Establish the partial pressure three phase curves of the vapor species in these 
system by measuring the optical absorption of the vapor phase coexisting with the 

condensed phases. 

e \ Evaluate the fundamentals of the current vapor transport theories by Perfo^Q 
measurements of the partial pressures of the individual species and the vapor transport 

rates simultaneously. 

f) Perform opto-electronic characterization and thus establish the correlation 
between the electrical and optical characteristics of the grown crystals and the 
processing parameters. 

g) Evaluate the potential benefits of microgravity processing for device applications 
by means of fabricating devices from both ground- and space-grown materials. 


3. MATERIALS 


3.1 Materials Selected 

The materials to be investigated are ZnSe and related ternary semiconducting 


. „ 7n c c a 7 dTp ^e, and Zn,. x Cd x Se because of their potential for 

alloys such as ZnS x Se-i- x , with an enerov gap of 2.7 eV at room 

advanced opto-electronic appl^ extensively [1] as tfie primary candidate for blue 
temperature, ZnSe has been studiei d e efficiency in band-to-band transitions. It 

light emitting diode applications because o s ^'® , k y t | S [ 2 ] and heterostructures 
has been found ir i the last several ^ [5] showed 

such as ZnSe/ZnSSe [3], ZnSe/Zn [ l* re qion at a rather low threshold power 
photopumped lasing c; other hand fhe recent demonstration of the optical 
biSabPi p'ropS h bSk [efanS layer [7] ZnSe also makes ZnSe a possible cand.date 
for the building blocks of a digital optical computer. 

3.2 Rationale for Material Selection 

interest in optical devices than w l^mat'^ 
recent research interest in I -VI w '^ h!p f or hi U e liaht emitting devices for use 
because the band gap .of this material ms Efficient light 

in optical displays, Tugh density r record ha^ [8]. The recent 

emitting diodes based on Slvelopment of a laser at short 

challenge inhomogeneity and 

visible wavelengths. While s .® u ®f [X ®“ nlved Zn se and related semiconducting 
defect incorporation are still to be fully rested, 6XDerjments , n the blue region of 

alloys have beer i studied in of ZnSe is still the lack of high 

S^S^fn be acmev 1e Add^c. er 

visible spectrum. Figure 1 the 

[9], ZnTe x Sei. x , and Zn^. x C6 t Se systems l J. changing the amount of S, Te, or 
CTe 4 * * * * 9 d a ?mo U Znie a oVe^rcrveMhetsille spectrum .Pom near red through yellow, 
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The other potential in P 
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6,7] which exhibited a non-linear abrupt change in 
tight intensities. This property addresses a basic 


optical computers. 


4. Experimental and Analyses 
4.1 Purification of Starting Se materials. 

a) work performed: A zone refiner was ^P e J\he^wo heaters KlTcmand the 
heaters inside a box furnace. The dis i e of 10° to the horizon. The 

total travel distance is 48 cm. The furnace a d nht^one haters were, respectively, 220, 
emperature settings for the ambient left and r g^ h eater. Since Se 

380 and 380°C. Figure 2 shows the thermal ^esnear th ^ eft ^ one ^ si|ica ampoule 

melts at 217°C, the zone length of f oo^C under vacuum condition 

(17mm OD, 1 4mm ID) was cleaned and baked out at 100°^ shQts Se from Cera c 

overnight. The start '?9^|l er if 4 w a a ® If lolded^n the ampoule and the Se was melted 

under v A a "oPi Phelmp^ll Zl sealed under vacuum condition. The zone 
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a) work performed- Two cylinders °l 'by mmereing in trichloroethylene at 
of the zone-refined ingot) were first de 9 r ® as ®“ y t. clean g r in ace tone, methanol and 
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4 3 Heat treatment of starting materials. 

' m me Physical vapor transport , 

me source material vapor P^ial pressures r^»stina with tf 
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Impurity Distribution of Zone Refined Se Ingot 
(22cm long, 14 mm diameter) 
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* ■ I « hoi/aH fti.t at about 1080°C under dynamic vacuum condition for about 10 

However, in one occasion when i 99.995 o p Droce ss By Energy Dispersive X- 

'ray' anaf^s ("he* Sn cinsti.uents of the white material were identified to be Zn 
and O. 

be established to accomplish this goal. 

transport rate plotted in Figure 7 . About 25 hr 'M^f'a^epaired later and the 
was out of control and the run was ‘ termmted The turnacewas rep been 

bstsassggiss *^3£&&sss. 

was performed on ampoule ZST - 4 by ^ersing ine lempe k raw 

so that the material transported from b? a second-order 

data are shown in Figure ] l^nnlt ra^from this equation together with the results 
equation. The calculated transportrates 9 hj | orth no ting. First, the 

from the first run are given in f' 9 u f®^ n There are thjeejmngs of the 

transport rates were not C( ^ st ^ deferent composition deposited at 

source kept changing during the run ‘ * s j T f om 1 4 to 20°C in run 2 did not show 
the other end. Second, the grease in T s d 4 ‘O transport rates might 

sr c. 

10 

«r P a h ;id h « - ampoutes a,,hou9h 

they were prepared by the same technique. 

b) work to be performed: All the materials inside the transport ampoule will be 
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ZnSe Transport Results (ZST-4) 
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ZnSe Mass Transport Rate (ZST-4) 



(oas- z uio/9|oai) xny sse|/\| 


4 0 6 0 8 0 

Time (hour) 

Figure 1 0 




ZnSe Transport Results (ZST-4, run 2) 
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collected and loaded into an optical cell and the stoichiometry of the materials will be 
determined by partial pressure measurements at Marquette University. We will also 
measure the partial pressures and the transport rates simultaneously for the actual 
ampoules used in the growth transport experiments as described in next section. 

4.4 Vapor partial pressure measurements: 

a) work performed: Using an optical absorption technique [12], Brebrick and his 
coworkers at Marquette University have accomplished the following tasks: 

1) Se calibration run: With optical cell temperatures of 1000°C and 1 100°C and 
pure Sell) temperatures between 206 and 400°C, the optical density of the vapor phase 
has been measured with a 0.4 nm band-pass between 200 and 220 nm, between 330 
and 380 nm and near 450 and 496 nm. The range of total Se-pressures covered was 
about 5 x 10 6 to 7 x 10 3 atm. As expected the vapor in the optical cell is essentially all 
Se 2 . Between 200 and 220 nm, where higher species such as Se 5 absorb, the optical 
density was near the 0.01 minimum value measurable. Between 330 and 380 nm, 
vibronic peaks of Se 2 were seen and the optical density of those at 340.5 and 379.2 nm 
vary linearly with the partial pressure of Se 2 . More precisely, a plot of the log of the 
optical density vs. the reciprocal temperature of the liquid Se sample has the same 
slope as does the vapor pressure of Se. It is inferred from the thermodynamic data for 
Se -vapor in Mills [13] that the vapor was all Se 2 in both the 1000°C and 1 100°C optical 
cells. Near 452 and 496 nm the optical density was below 0.01 and could be used to 
monitor shifts in the baseline. The optical density was also measured with an 800°C 
optical cell and 0.4 nm band-pass for Se(/) temperatures between 420 and 670°C, 
corresponding to total Se-pressures between 0.012 to 0.79 atm. The wavelengths 
covered were 410 to 455 nm, 590 to 610 nm, and 690 to 710 nm. At the highest liquid 
Se temperature of 670°C, the optical density was greater than the equipment maximum 
measurable value of 2 at all wavelengths from 200 to 710 nm. 

2) Zn calibration run: Previous experiments have indicated that the optical 
density at the 213.8 nm Zn peak can be accurately calculated assuming a Voigt line 
profile and a triangular slit function. The experiments were carried out with optical cell 
temperatures of 1 000, 950, and 750°C and band passes of 0.2 and 0.4 nm. Therefore 
the necessary relationships between the optical density at 213.8 nm and the partial 
pressure of Zn for optical cell temperatures of 1050 and 1 100°C have been calculated. 

3) ZnSe run: Partial pressures over a 50 mg sample of ZnSe (Cleveland 
Crystals, 99.999%) ground to pass a standard 120 urn sieve have been determined 
from the optical densities at 213.8, 340.5 and 379.2 nm with optical cell temperatures of 
1000 1050, and 1 100°C. At the highest ZnSe temperatures allowable, about 10 C 
below the optical cell temperature, the time to achieve a steady state was a few hours 
and the optical densities were 0.3 and lower. As shown in Figure 14, the partial 
pressure of Zn is somewhat larger than twice that of Se 2 . Figure 15 shows the 
published data give results in agreement with our values for the Gibbs energy ot 
formation of ZnSe. 

b) work to be performed: It has been well established theoretically [11,14] that the 
vapor transport rate is a strong function of the vapor phase composition. However, no 
one has done any transport rate measurements with known vapor compositions to 
support the theoretical results. Here we propose to measure the partial pressures and 
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the transport rates simultaneously for the actual ampoules used in the growth 
experiments. Figure 16 shows the design of a such ampoule. The ampoules will be 
sealed after the samples have been heat treated under various conditions. The partial 
pressures coexisting with the sample will be determined by ™®ssuring t :he optical 
flh<;nrntion of the vapor phase through the optical windows. At the same time the 
ImpoS e will be under a temperature gradient and the mass flux will be measured by a 
balance as described in last section which gives the amounts of mass transported at 
different timeintei^aJs R The results will be significant in that it will give support and 
auidance to the theoretical interpretation because, for the first time, vapor transport 
rates with known vapor compositions will be available in the physical vapor transport 

process. 

4.5 Crystal growth experiments: 

The crystal growth by physical vapor transport uses a novel three-zone heater 
translating technique. A schematic of the growth furnace is r given in Figure 17. Using 
this method, large single crystals of CdS [15], CdTe, PbSe [16] and ZnTe [17] have 
been grown successfully in this laboratory. 

a) work performed: The ampoules are made from T08 grade tubing from Heraeus 
Amersil Thev were cleaned and baked at 1 080°C under vacuum over night before the 
samDles were^oaded The ampoules were 18mm OD, 16mm ID , about 10cm long and 
w^thi atapered end 0 Four ampoules, ZnSe-1 , -2 ,-3 and -4, loaded with the i starting 
materials heat treated by method (I) - baking out under dynamic vacuum, \ were 
nrocessed to grow ZnSe crystals with the source material at 1081 C, the cold end at 
973°C and a temperature maximum in between of 1 086°C. The translation rates were 
3 19mm/dav for ampoules ZnSe-1 , -3, and -4 and 3.25mm/day for ZnSe-2. Fo 
ampoule ZnSe-1 only little specks of ZnSe transported and several thin layers of white 
semitransparent material can also be seen at the tip 

7nSe-2 crvstals of irreqular shape covering about 1 .6 cm were found at tne crystal ena 
and having rather red color as compared to the yellowish color of the starting ™steria . 

A stable growth interface was never established. In the ZnS e-4 < onty a very thin 

film deposited at the tip. All three ampoules were foggy inside after the run. J" or 
amDOule ZnSe-3 only a small cone-shaped film (5 to 10 mm) was transported. 

However the ampoule was not foggy. The interpretation is that spmehow the ampoules 
were^ontam i^^ from the source materials of ZnSe or originated from i the 
fused silica ampoules after long duration annealing at high temperatures. In the ZnSe-5 

and -6 runs, the heat treatment method (II) - distillation de ^ cr !^® d ' l l i „ was mnlhe 
Fiaure 18 shows the thermal profile used for these runs. During the ZnSe-5 run, the 
outside fused silica liner sagged in the middle and the furnace dragged the whole liner 
with it when translating. The net translation was only 9mm. However a single crystal 
with facets on the surface was grown and the furthermost growth interface is at 9mm 
from the tip The ampoule was foggy. A new design which utilized an alumina tubing to 
hoE only one end d the outside fused silica liner was constructed to solve the problem 
o?the Sagqing of the liner During the first run of ZnSe-6, the central zone burned out in 
the middleo/the growth and the run was terminated. Polycrystalline ZnSe about 2cm 
long with non-planar growth surface and brown-yellow e 

rernaining ZnSe source showed a darker yellowish color than the costal, me cryst 
was shaken loose from the ampoule and slid back tot b® source |ndsnd a newgrowt 
run was processed. The translation rates for both r 4 ns .we^ 
second run, all the material was transported and a single crysta I ^ rat ^® r t ft7 iD yell0W 
color was grown with a slightly convex growth surface at about 3cm from the tip. 
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Flow chart of characterization plan 
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Figure 22 Atoms on a ZnSe surface 
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Figure 23 Freshly cleaved ZnSe showing precipitates 
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Sample: ZnSe crystal (53 mg) 
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ZnSe - 6 Optical Microscope (after polish and etch in 2’: Br Ethylene Glycol) 
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been modified to have the capability to conduct measurements on ZnSe crystals. 
Another surface polishing solution, colloidal silica + sodium hypo chloride + water, was 
recommended by Eagle-Picher Co. Slices will be prepared by this method to have a 
smoother finished surface for the synchrotron radiation. 

5. Discussions 

As described above, most of the activities were performed on or ahead of the 

schedule. The critical issues lie in the aspect of the crystal growth activity. The 

consistency in the vapor transport rate will be the first issue to be resolved in the next 
phase of the program. The next critical issue will be to have a well-defined thermal 
boundary condition to position th© initial SGGd location for thG sGGdGd growth. Th© third 
issue will be to accurately determine the partial pressure data over the entire ternary 
compositions so that th© transport ratas and th© compositions of th© grown crystals can 

be evaluated. 
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